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Abstract:  Colon cancer is one of the most common types of cancer malignancy. Although flavonoids naturally 
occur as mixtures, little information is available regarding the additive or synergistic biochemical interactions 
between flavonoids. The objectives of this study were to examine the feasibility of combining two major 
structurally related flavonoids, quercetin and kaempferol, to affect the cell viability, cell cycle, and proliferation 
of the human colon cancer HCT-116 cell line. The combination of quercetin and kaempferol exhibited a greater 
cytotoxic efficacy than did either quercetin or kaempferol alone. This effect was highest and acted in a 
synergistic fashion in a 2-fold quercetin and 1-fold kaempferol IC50 combination, which also arrested cell 
growth in the G2/M phase and suppressed proliferation. Our observations support a structure-activity 
relationship based on the presence of 3’–OH moiety and/or 4’–OH moiety on the B-ring of flavonoids. 
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1. Introduction 
The increased consumption of vegetables and fruits significantly reduces the incidence of 
chronic diseases, such as cancer, cardiovascular diseases, and other age-related diseases [1]. 
Polyphenols, especially flavonoids, are thought to be the major bioactive compounds providing 
protections against these diseases. Humans’ flavonoid intake is highly variable, with estimations 
ranging from 25 mg to more than 1 g per day [2]. The main sources of flavonoids are tea, onions, 
apples, broccoli, fresh kale, peaches, and spices, with the flavonoid quercetin being present in 
practically all plant-based diets and kaempferol being present in about 80% of diets [3]. Quercetin 
(3,3’,4’,5,7-pentahydroxyflavone) and kaempferol (3,4’,5,7-tetrahydroxyflavone) exhibit minor 
differences in their structural characteristics, with quercetin having two –OH moieties on its B-ring, 
while kaempferol has only one (Figure 1). Numerous studies have shown that these flavonoids exhibit 
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anticancer activity by inducing cell cycle arrest and apoptosis and inhibiting proliferation in numerous 
types of cancer cell lines in leukemia, breast cancer, ovarian cancer, lung cancer, and colon cancer [4]. 
However, the beneficial effects of using quercetin and kaempferol in combination to achieve 
cytotoxicity in cancer cells remain poorly understood. 
  
Figure 1. Structures of quercetin (A) and kaempferol (B). 
Colon cancer represents almost 10% of all tumors. It is the third most common cancer in men in 
modern countries (after lung and prostate cancers) and the second in women (after breast cancer) with 
approximately 1 million new cases each year worldwide. Only 5-10% of these cases are due to genetic 
factors, while more than 70% are related to diet and lifestyle, suggesting that colon cancer rates could 
be substantially reduced by changes in dietary and lifestyle patterns [5]. Therefore, we investigated the 
in vitro chemotherapeutic potential of these flavonoids by testing the effect of quercetin and 
kaempferol in combination on the human colon cancer HCT-116 cell line. 
 
2. Materials and Methods 
 
2.1. Materials 
 
All cell culture reagents were purchased from Gibco (Invitrogen, Grand Island, USA). Quercetin 
was obtained from Sigma-Aldrich (Saint-Louis, Misuri, USA) and kaempferol from Extrasynthese 
(Lyon, France). Stock solutions of each flavonoid were prepared in dimethyl sulfoxide (DMSO) and 
stored at –20 ºC. Trypan blue, MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide), DMSO, Triton X-100, EDTA, RNase, and propidium iodide (PI) were purchased from 
Sigma-Aldrich. 
 
2.2 Cell Line 
 
The human colorectal carcinoma cell line HCT-116 was obtained from the American Type 
Culture Collection (Bethesda, USA; ATCC #CCL247). Cells were grown at 37 ºC with 5% CO2 and 
90% relative humidity in McCoy’s 5A medium, supplemented with 10% heat inactivated fetal bovine 
serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin (complete medium). The cells were 
harvested using 0.25% trypsin-EDTA and plated to the required density. Under these conditions, 
HCT-116 cells display a poor degree of differentiation and a doubling time of approximately 36 h. All 
the experiments were performed with between 3 and 10 passages. 
 
2.3 Cell Viability Assay 
 
HCT-116 cells were plated at 50000 cells/well in 0.2 mL of medium for 24 h. Subsequently the 
cells were exposed to quercetin, kaempferol, and different combinations of the two in a complete 
medium for 48 h. The final concentration of DMSO in the culture medium was maintained at <0.1%, 
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which is a concentration that causes neither growth effects nor cell death within 48 h. The cell viability 
was assayed based on the ability of live cells to reduce MTT. After the flavonoid treatment, 0.02 mL 
of MTT reagent (5 mg/mL MTT in PBS) was added to each well. After 3 h, the medium was removed, 
and the cells were incubated for 30 min with 0.1 mL of DMSO. The concentration of formazan was 
measured spectrophotometrically at 490 nm using a Multiskan Spectrum microplate reader (Thermo 
Labsystems, Rockford, USA). All MTT assays were carried out in three separate. 
 
2.4 Synergy Determination 
 
After the flavonoid treatment, the data obtained with the MTT assay were normalized to the 
vehicle control and expressed as the % of viability. Next, these data were converted to the Fraction 
Affected (FA: range 0-1, where FA=0 represents 100% viability, and FA=1 represents 0% viability) 
and analyzed using the CalcuSyn™ program (Biosoft, Cambridge, UK) based upon the median-effect 
principle developed by Chou [6]. This program calculates a combination index (CI) that is used to 
identify synergistic (CI<1), additive (CI=1), and antagonistic (CI>1) flavonoid interactions. 
 
2.5 Cell Cycle Analysis using Flow Cytometry 
 
The cells were grown in 24-well plates at 37 ºC under 5% CO2 until 80% confluence was reached. 
The medium was subsequently changed, and flavonoids were added to the indicated concentrations. 
Next, the cells were incubated at 37 ºC for 48 h. After incubation, the cells were harvested and washed 
three times with ice-cold PBS (pH 7.4). The supernatant was removed, and the cells were washed with 
1 mL of PBS and centrifuged at 4 °C. Finally, the supernatant was removed, and 200 µL of 70% ice-
cold ethanol and 200 µL of PBS was added to the cells and stored at –20 ºC until further use. For use 
in the flow cytometry experiments, the cell pellet was washed two more times with PBS. The cell 
pellet was suspended in 0.5 mL of staining reagent (50 µg/mL PI, 50 U/mL RNase, 0.1 mM EDTA, 
0.1% Triton X-100, and PBS) and incubated for 30 min at 37 ºC in the dark. The DNA fluorescence 
was measured using a Becton Dickinson (Franklin Lakes, USA) FACScanto II flow cytometer with an 
excitation wavelength of 488 nm and emission wavelength of 585 nm. Pulse width area signals were 
used to discriminate between G2 cells and cell doublets. The data were analyzed using FACSDiva 
Software (Beckton Dickinson). The relative distribution of 104 events for each sample was analysed 
for background aggregates and debris, an indicator of apoptosis and the G0/G1-, S-, and G2/M-phases 
of the cell cycle. The control treatments consisted of a culture medium supplemented with FBS. 
Serum-deprivation treatment was used as an inducer of G0/G1 cell cycle arrest. 
 
2.6 Determination of DNA Synthesis 
 
DNA synthesis was determined by the incorporation of 5-bromo-2'-deoxyuridine (BrdU) into the 
DNA making use of a cell proliferation ELISA kit obtained from Roche (Basel, Switzerland). BrdU 
(10 mM) was added to the medium for the last 2 h of the 48 h treatment with flavonoids (alone or in 
combination) in a medium supplemented with FBS. Next, the cells were washed twice with PBS and 
fixed, and the BrdU uptake was determined. The positive growth control consisted of the culture 
medium supplemented with FBS (complete medium) and the negative control consisted of the medium 
without FBS. The absorbance was measured using a Multiskan Spectrum microplate reader at 370 nm 
with a reference wavelength of 492 nm. 
 
2.7 Statistical Analysis 
 
All results are presented as the mean ± SD from triplicate experiments performed in a parallel 
manner, unless otherwise indicated. Differences in the effects on HCT-116 cells and the different 
treatments were assessed using ANOVA followed by Duncan’s multiple comparison tests using the 
Statgraphics Plus Program version 2.1. The level of significance used was p < 0.05. 
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3. Results and Discussion  
 
Quercetin and kaempferol represent 70% of total flavonoid intake [7]. The rationale behind the 
study of the cytotoxic effect of quercetin in combination with kaempferol on HCT-116 cells has been 
strengthened by the fact that certain green vegetables and fruits may provide similar amount of both 
flavonoids (i.e., caper and peach) [8], twice the amount of quercetin than of kaempferol (i.e., tea) [9] 
or twice the amount of kaempferol than of quercetin (i.e., broccoli and chives) [10]. The question 
remains of whether quercetin and kaempferol in concert and at different molar ratios could have 
notably beneficial effects toward achieving cytotoxicity in colon cancer cells. 
 
3.1. Cell Viability 
 
Using the HCT-116 human colon cancer cell line, we first evaluated the effect of flavonoid 
treatment on cell proliferation by two independent methods: cellular viability assessment-MTT 
colorimetric assay and cell density measurement-Trypan blue exclusion method. A treatment period of 
48 h was selected because the control cells were still in the exponential growth phase at that time. The 
cell FA was determined after the exposure of cells to quercetin or kaempferol alone (Figure 2A). Both 
flavonoids were cytotoxic to HCT-116 cells in a time- and dose-dependent manner. The maximal cell 
death for 48 h exposure was obtained with 200 µM quercetin with a percentage of dead cells of nearly 
90%, while for kaempferol, the value was 65% for the same concentration. The IC50 values (the 
flavonoid concentration required to reduce the initial cell number by 50%) were 40 µM for quercetin 
and 75 µM for kaempferol. The concentrations of flavonoids for experiments as single compounds or a 
combination of compounds were chosen based on the use of IC50 of the quercetin (1Q) and 
kaempferol (1K), 2Q (80 µM for quercetin), 2K (150 µM for kaempferol), and dose ratios of 1Q:1K, 
2Q:1K, and 1Q:2K. The interaction of quercetin and kaempferol at a 1Q:1K ratio for 48 h had a 
slightly greater but still significant effect on HCT-116 cell death than quercetin or kaempferol alone 
(Figure 2B). However, when cells were exposed at a 2Q:1K ratio, cell death increased acutely, which 
was an effect that was significantly lower than that obtained with 2Q. When the cells were incubated 
with a combination of the flavonoids in a 1Q:2K ratio, a significant increase in cell death was caused 
compared to the flavonoids alone, but it was lower than the result of treatment with the ratio of 2Q:1K. 
Similar findings were observed for cell density and cell viability measurements using Trypan blue 
exclusion (data not shown). The dose response data were subsequently evaluated with the CalcuSyn™ 
program to assess the flavonoid-flavonoid interaction. This procedure estimates the CI values for each 
flavonoid combination based on the results expected from each of the individual flavonoids. CI values 
slightly greater than 1 were obtained for the quercetin and kaempferol combination at 1Q:1K and 
1Q:2K ratios (Figure 2C), while a CI value slightly lower than 1 was obtained from the 2Q:1K ratio. 
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Figure 2. Sensitivity of HCT-116 human colon cancer cells to quercetin, kaempferol, and the combination of 
quercetin and kaempferol. (A) Cells were treated for 48 h with quercetin or kaempferol (0-200 µM). Cell 
viability curves were plotted and reported as the fraction of cells affected by the treatment, where 1 is equivalent 
to 100% cytotoxicity. (B) Cells were treated for 48 h with IC50 of the quercetin (1Q), 2Q (80 µM), IC50 of the 
kaempferol (1K), 2K (150 µM), or a dose ratio of 1Q:1K, 2Q:1K, and 1Q:2K in the presence of 10% FBS. (C) 
The CI was estimated by the CalcuSyn™ software of cell viability curves from cells treated with a dose ratio of 
1Q:1K, 2Q:1K, and 1Q:2K and plotted versus the FA. Cell viability was assessed by MTT assay. Each data point 
or bar represents the mean ± SD from 3 replicates. Labeled means without a common letter differ, p < 0.05. 
 
Our data showed that human colon cancer HCT-116 cells were sensitive to quercetin and 
kaempferol. According to the IC50 values determined for the individual flavonoids (1Q and 1K, 
respectively), quercetin was more potent than kaempferol; however, this cytotoxic efficacy improved 
significantly when the flavonoids were used in combination in the ratios 1Q:1K, 2Q:1K, and 1Q:2K. It 
is interesting to notice that quercetin and kaempferol interacted in a synergistic manner on HCT-116 
cells only at the 2Q:1K ratio. These findings suggest that the quercetin and kaempferol combination 
was able to effectively target the cellular machinery crucial to the cell growth of this aggressive, 
microsatellite-unstable, and growth hormone-independent human colon cancer line [11]. A study 
conducted by Ackland et al. [12] also revealed that the combination of quercetin and kaempferol is 
more effective in reducing cell growth in human intestinal lines HuTu-80 and Caco-2 and in the 
PMC42 breast carcinoma cell line than is either quercetin or kaempferol applied alone. The underlying 
mechanism of quercetin and kaempferol cytotoxicity on human colon cancer cells is not entirely clear. 
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In HCT-116 cells, quercetin has been previously shown to trigger apoptosis via NAG-1 under the 
control of the transcription factors Sp1 and p53 [13], whereas kaempferol activates Ataxia-
Telangiectasia Mutated (ATM) and induces apoptosis through the p53-caspase-3 pathway with the 
involvement of the pro-apoptotic Bcl-2 family members PUMA and Bax [14]. Quercetin and 
kaempferol have notably similar structures and differ only in the numbers of –OH moieties on the B-
ring: two in quercetin and one in kaempferol. In a recent study, Niestroy et al. [15] illustrated that the 
ortho-orientation of the –OH moieties on the B-ring of quercetin, which allows the conversion of the 
catechol moiety to an ortho-quinone for redox reactions [16], could play a role in the selective 
inhibition of phase I and phase II detoxification enzymes in human colon cancer cells. The authors 
hypothesized that ligands presenting structures that are less crowded by –OH moieties incorporate 
more deeply into the binding site, as a polar pocket in proximity to the heme site of cytochrome P450 
[17], and suggested that kaempferol affects the structure of the enzyme in a different manner from 
quercetin. Other studies also pointed out the flavonoids to selectively accommodate, even with more 
than one orientation, in binding pockets and induce conformational rearrangements at different 
catalytic domains of the anti-tumoral target phosphoinositide 3-kinase [18-19]. These observations 
suggest a reason why colon cancer cells are differently sensitive to these flavonoids and why they 
show antagonistic interactions at the 1Q:1K and 1Q:2K ratios. Likewise, we do not exclude the 
possibility that quercetin and kaempferol are mutually exclusive. In fact, other structurally related 
flavonoids, such as myricetin and naringenin, elicit antagonistic interactions [20]. Our study further 
suggests a hierarchy of quercetin and kaempferol in the in vitro cytotoxic sensitivity of HCT-116 cells. 
Additional investigations will be necessary to elucidate the synergistic (and antagonistic) mechanism 
of quercetin and kaempferol, while a fine-tuned combination strategy based on their distinct molecular 
mechanisms may be warranted. 
 
 
3.2 Cell Cycle 
 
To determinate the percentage of HCT-116 cells present in different phases of the cell cycles 
G0/G1, S, and G2/M, the cells were first synchronized with serum deprivation prior to the treatment 
with or without quercetin and kaempferol as single compounds (1Q and 1K, respectively) and as a 
combination in the ratios 1Q:1K, 2Q:1K, and 1Q:2K. Over a 48-h period, serum-deprived cells were 
progressively accumulated in the G0/G1-phase, whereas serum-supplied cells were present in the S- 
and G2/M-phases (Figure 3). Treatment with 1Q or 2Q significantly increased the percentage of cells 
in the G2/M-phase and in the S-phase thereafter. Notably, the percentage of cells in the G2/M-phase 
increased 4-fold compared to the control after 2Q treatment. Cells exposed to 1K or 2K had a similar 
cell cycle profile, which was characterized by an increase in cells in the S-phase and subsequently in 
the G2/M-phase. The combination of flavonoids in the 1Q:1K or 1Q:2K ratios provoked a 
redistribution in the S- and G2/M phases that fell between the effects of quercetin and kaempferol 
alone. When the combination of flavonoids was 2Q:1K, the cell cycle profile appeared to mirror that 
of 1Q or 2Q treatment, but 2Q:1K induced the largest increase in the G2/M-phase. 
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Figure 3. Cell cycle profile of HCT-116 human colon cancer cells treated with quercetin, kaempferol, and the 
combination of quercetin and kaempferol. Cells were treated for 48 h with IC50 of the quercetin (1Q), 
2Q (80 µM), IC50 of the kaempferol (1K), 2K (150 µM), or a dose ratio of 1Q:1K, 2Q:1K, and 1Q:2K 
in the presence of 10% FBS. Flow cytometric analysis was performed to determine the proportion of 
cells in the G0/G1- (A), S- (B), and G2/M- (C) phases. Each data bar represents the mean ± SD from 3 
replicates. Labeled means without a common letter differ, p < 0.05. 
 
These data suggest that quercetin- and kaempferol-induced cytotoxicity in HCT-116 cells is likely 
to involve the modulation of the cell cycle progression by blocking the S-G0/G1 transition. 
Interestingly, the population of cells at G2/M was highest when the HCT-116 cells were treated with 
quercetin and kaempferol in the ratio 2Q:1K, demonstrating that HCT-116 cells arrested at G2/M by a 
customized combination of quercetin and kaempferol are highly prone to death. Isorhamnetin, an 
intermediate 3’-ortho-methylated metabolite of quercetin, also promoted G2/M arrest and cytotoxicity 
in HCT-116 cells, supporting the notion that G2/M checkpoints could be a conserved target for 
flavonoids in human colon cancer cells [21]. The negative regulation of the complex cyclin B/cdk1 
and other positive regulators of cell cycle progression could impair CDK activities and contribute to 
the quercetin- and kaempferol-induced suppression of the G2/M transition in HCT-116 cells [22]. The 
cytotoxic potency of isorhamnetin (IC50 72 µM) was comparable to that of kaempferol (IC50 75 µM) 
and inferior to that of quercetin (IC50 40 µM) in the present study. Therefore, it is possible to 
tentatively speculate that while the 3’–OH moiety on the B-ring is an important target for phase II 
metabolism [23] and the antioxidant properties [24] of certain flavonoids, the 3’– and 4’–OH moieties 
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could also be particularly relevant for flavonoid-dependent defective cell cycle progression and 
cytotoxicity in HCT-116 cells. Consistent with this argument, Wang et al. [25] showed that quercetin 
and luteolin (i.e., flavonoids having ortho–OH moieties at 3’ and 4’ positions on the B-ring) exhibited 
a greater impact on G2/M cell cycle arrest and loss of cell viability than did apigenin, naringenin, 
chrysin, and acacetin in human SW480 colonic carcinoma cells. Similar observations have been 
reported recently for other 3’,4’-hydroxylated flavonoids (myricetin and laricitrin) in Caco-2 cells 
[26]. Further studies are necessary to confirm this possibility and elucidate the role of other –OH 
moieties, derivatives, or double bonds in the phenylchromone structure of flavonoids in affecting the 
cytotoxic efficacy and mechanistic pathways in the developmental stages of human colon cancer cells. 
 
 
3.3 BrdU Incorporation 
 
To elucidate whether quercetin- and kaempferol-related antiproliferative effects contributed to the 
reduction of overall cellular viability, we performed a well-established proliferation assay that 
measured the incorporation of BrdU, a thymidine analogue, into newly synthesized DNA strands of 
actively proliferating cells during the S-phase. Serum-deprived cells and those treated with 1Q or 1K 
alone or in combination at a 1Q:1K ratio significantly reduced BrdU incorporation by up to 40% 
compared to cells incubated in the presence of 10% FBS for 48 h (Figure 4). Cell exposed to 2Q, 2K, 
2Q:1K or 1Q:2K displayed a further reduction (65%) in their capacity to accumulate BrdU. 
The potential anticancer effects of quercetin and kaempferol against HCT-116 cells might result, at 
least in part, from the inhibition of proliferation verified by its ability to reduce BrdU incorporation. 
This result was irrespective of the cell cycle in which the cells were arrested, suggesting a flavonoid-
induced defect in cells performing DNA repair synthesis with no net DNA synthesis [27]. 
 
Figure 4. Proliferation of HCT-116 human colon cancer cells treated with quercetin, kaempferol, and the 
combination of quercetin and kaempferol determined by the incorporation of BrdU into the cells’ 
replicating DNA. Each data bar represents the mean ± SD from 3 replicates. Labeled means without a 
common letter differ, p < 0.05. 
 
4. Conclusions  
 
In summary, we demonstrated the enhanced chemopreventive efficacy of quercetin when 
associated with kaempferol via the arrest of HCT-116 cells in the G2/M cell cycle phase and an 
inhibition of DNA synthesis that culminated in the loss of cell viability. These effects support a 
structure-activity relationship based on the presence of 3’–OH moiety and/or 4’–OH moiety on the B-
ring of flavonoids and suggest that eating a customized range of green vegetables and fruits could 
offer enhanced protection against colon cancer. 
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